Introduction
In Canada, osteoporotic fractures result in direct health care costs that exceed CAD$1.3 billion annually [1] . Fractures are related to compromised bone strength, a parameter that reflects both density (quantity) and architecture (quality) [2] . The current clinical standard for bone assessment, dual energy x-ray absorptiometry, provides only a 2-dimensional areal measurement of density and no architectural information [3] ; therefore, the development of improved methods for visualizing and quantifying of bone architecture remains an important goal with respect to improving detection and treatment of osteoporosis. Advances are currently being sought in the development of new technologies [3] , such as high-resolution peripheral quantitative tomography [4] , and through texture-based analysis of trabecular structure from radiographs [5] . In this pictorial essay, we explore the use of x-rayebased diffraction enhanced imaging (DEI) by using synchrotron radiation [6] as a novel means of visualizing the internal architecture of the human distal radius, a clinically significant fracture site. Imaging for this study was conducted at the Canadian Light Source (CLS) synchrotron during commissioning of the BioMedical Imaging and Therapy (BMIT) bending magnet beam line [7] . As such, our goal here is 2-fold: (1) establishment of proof-of-principle for this new approach for bone assessment; and (2) the wider exposure of this powerful new Canadian research facility to the clinical imaging community.
Materials and Methods

Study Sample
Human bone and tissue specimens, derived from the anatomical teaching collection of the University of Saskatchewan's College of Medicine, were used. Specifically, the sample consisted of disarticulated and macerated human radii and 1 cadaveric forearm and hand with intact soft tissue. Institutional ethics approval was obtained (permit 08-231) before data acquisition.
Imaging
Clinical diagnostic quality digital radiographs of 20 radii were acquired by using a Philips Medio (Philips Healthcare, Andover, MA) 50 CP-H in the Department of Medical Imaging, Royal University Hospital in Saskatoon. From the total sample of 20, 10 specimens that reflected a broad range of apparent trabecular morphologies were selected for DEI at the CLS synchrotron by using the 05B1-1 beam line at 41 keV, with a surface exposure typically of 2 mGy. The monochromator and analyser used single crystal silicon crystals with the (3, 3, 3) lattice planes. The DEI technique has been described previously [6] , and thus we provide only a general summary here. Briefly, a single energy beam is extracted from a polychromatic synchrotron x-ray beam by using a double crystal monochromator. The high flux (intensity) of the synchrotron source ensures that sufficient photons remain after selection of a single energy. This beam passes through the target sample and is reflected off the third crystal known as the ''analyser'' before arriving at the detector. The placement of the analyser crystal between the sample and the detector is a defining feature of DEI. The condition for x-ray diffraction from the analyser crystal is met only when the incident beam makes the correct angle to the atomic lattice planes in the crystal for a given x-ray energy or wavelength. When this condition is met, the beam diffracts from the analyser over a very narrow range of incident angles. As the analyser is rotated, the intensity variation observed is referred to as the rocking curve. Because the range of angles that can be accepted by the analyser is only a few microradians (1 microradian ¼ 57 microdegrees ¼ 0.21 arc-seconds), the analyser provides scatter rejection at the microradian level, which is below the capabilities of conventional antiscatter techniques, such as slit collimation and grids. Small angle scattering arises from diffraction from structures with dimensions up to micron sizes. This scattering intensity, which would normally appear in the image, is missing and appears in the same way as absorption in the image. This scatter rejection contrast is called extinction contrast. Therefore, in DEI, the image that represents the absorption of the object by x-rays is referred to as the apparent absorption image because it has contrast derived from both absorption and scatter rejection. Notably, DEI provides particular improvement with respect to resolving pixel-sized objects [8] . Refraction images have a high sensitivity for defining the boundaries between areas with differing refractive indices. It is this property of DEI that provides improved visualization of trabecular bone, which consists of a lattice-like solid structure surrounded by soft tissue (marrow). Although, in the past, DEI has been applied to bone [9e11], the potential to better visualize bone microarchitecture with the aim of improving the assessment of human bone at a clinically relevant fracture site has not yet been explored.
Radiographs and DEI images were acquired for the specimens by using the BMIT bending magnet beam line. The radii were dry and scanned in air, whereas the cadaveric specimen was submerged in water during scanning. The ImageJ v1.42i (National Institutes of Health; http://rsb.info. nih.gov/ij/) software platform was used to apply bandpass filtering to suppress streak artifacts that arise from crystal imperfections in the monochromator and analyser.
Results
Within the DEI images, trabecular architecture had a more distinct and textured appearance, which resulted from alternating light and dark enhanced edges above and below larger trabeculae. This improved contrast highlighted trabecular interfaces, particularly improving the visualization of small transversely oriented trabeculae (oriented parallel to the x-ray beam). Although some trabecular structures were evident in the radiographs, it was the larger longitudinally oriented trabeculae that were most clearly visualized. Fine trabeculae that remained at the fused location of the physis (growth plate) were only intermittently visible in the radiographs. The DEI images provided improved detection of this structure because of the concentration of finer trabeculae present (remnants of the primary spongiosa).
Although the DEI images better revealed interindividual differences in trabecular texture, which ranged from fine to coarse (eg, Figure 1 ), intra-individual variation was also observed (Figure 2 ). Spatial variation in trabecular appearance within individual bones most likely reflects localized differences in the number of trabeculae, and this suggests that DEI may be particularly powerful at detecting early changes associated with bone loss, which generally begin on the diaphyseal side of the metaphysis and progress towards the epiphyseal side. Although the radiograph on the right shows diffuse loss of trabecular bone, the difference is less evident in the radiographs vs the DEI images. The location of the growth plate is more evident in the DEI images.
An unexpected result was the visualization of cortical pores in many of the specimens (Figure 3 ). This scale of porosity is not visible in radiographs or clinical computed tomography (CT) images. Indeed ex vivo micro-CT is currently the only technology currently capable of consistently visualizing cortical porosity. Most intriguing of all is the potential visualization of resorption spaces associated with newly forming osteons (Figure 4) . Again, such structures have only been nondestructively imaged when using micro-CT [12] . If these findings can be confirmed by higher-resolution imaging, then it would open the possibility of using the DEI approach to noninvasively monitor cortical remodelling activity.
Imaging of an intact cadaveric wrist ( Figure 5 ) confirmed that the contrast observed in the dry macerated specimens was not simply because of air-bone interfaces and is an . This variation appears to reflect focal loss of trabecular bone, which suggests that DEI has excellent potential for the early identification of bony changes in the trabecular envelope. Figure 3 . Three examples of porosity visualized within the cortical bone from the medial aspect of the radial metaphysis. Larger vascular canals radially traverse the cortex. Some smaller longitudinally oriented osteonal (Haversian) canals are also evident. Progressing from left to right, the cortices increase in apparent complexity, likely indicative of increasing overall porosity. encouraging confirmation of the potential of this technique for in vivo imaging in the future.
Conclusion
Our results confirmed the potential of DEI to improve visualization of bone architecture in projection images.
Indeed, there appears to be great potential for the assessment of both trabecular and cortical bone architecture and further validation with high-resolution technologies such as highresolution peripheral quantitative tomography and micro-CT is warranted. The potential advantages of DEI include its larger field of view, reduced radiation dose, and reduced digital storage and/or analytical requirements when compared with 3-dimensional tomographic approaches. Although projection alone reduces dose relative to multi-exposure tomography, a further benefit of DEI is the shift away from attenuation-based image contrast. As such, higher energies may be used that will further diminish absorption and hence dose [6] . Reduced dose is advantageous from a safety perspective and would be particularly beneficial with respect to research applications that involve repeated imaging (eg, longitudinal designs) and/or pediatric subjects.
Although DEI offers advantages, it also has unique challenges. Quantification of structural information from DEI images is challenging. That said, our results revealed that DEI provides excellent spatial information with greater architectural detail than radiography. This increased detail may prove to be more amenable to quantification when using the texture-analysis approaches that are already being applied to radiographs [5] . Finally, the core limitation of DEI remains the current need for a synchrotron facility (eg, Canada has 1 such facility, the CLS). As a consequence, this approach has been restricted to the research realm. Currently, this work is also limited to animal and postmortem human studies. The potential of in vivo human imaging at BMIT exists but will only become feasible once scientific and safety justifications are fully established. Significantly, the feasibility of translating DEI to conventional x-ray sources has been established [11,13e15] , and this technology is currently being developed for off-synchrotron research purposes. These developments are bringing this powerful new imaging technique closer to clinical reality.
In summary, DEI provides a novel means of improving the visualization of trabecular bone architecture in 2dimensional projection images. This is an encouraging result that establishes the proof-of-principle necessary to justify studies that relate this architectural information to bone strength. The capabilities of the CLS BMIT beam line provide a unique opportunity to develop and hone DEI imaging applications as they begin to emerge into the realm of conventional technology.
